ripening and senescence (McGlasson et al., 1979; Hardenburg et al., 1986) . However, 1 0 1 promotion of fruit ripening by low temperature has been described in various fruit species 1 0 2 such as kiwifruit (Kim et al., 1999; Mworia et al., 2012; Asiche et al., 2017; Mitalo et al., 1 0 3 2018a), European pears (El-Sharkawy et al., 2003; Nham et al., 2017) , and apples (Tacken et Citrus fruit are among the species where low temperature has been linked to fruit ripening, 2009; Van Wyk et al., 2009; Zhu et al., 2011; Carmona et al., 2012a; Tao et al., 2012) .
Natural peel degreening in citrus fruit has often been attributed to ethylene, on the 1 1 7 assumption that the basal system I ethylene levels are physiologically active (Goldschmidt et 1 1 8 al., 1993; Carmona et al., 2012b) . Whether the peel colour changes during on-tree maturation 1 1 9
and low temperature storage are caused by basal ethylene, low temperature and/or a 1 2 0 synergistic effect of ethylene and low temperature, or because of another mechanism is still 1 2 1 not yet clear. induced by ethylene treatment, repeated 1-MCP treatments did not abolish peel carotenoid 3 1 7 decrease at 5ºC and 15ºC. By examining the RNA-seq data, we identified 13 DEGs that had been associated with 3 2 0 carotenoid metabolism (Fig. 4B , Table S11 ). Out of these, three genes including ClPSY1,
ClLCYb2a and ClCHYb1 that showed high RPKM values and unique expression patterns were selected for further analysis by RT-qPCR. This analysis revealed that ClPSY1 and ClCHYb1 was upregulated exclusively by low temperature (Fig. 4C ). Additionally, the 3 2 5 expression of all the three analysed genes increased in the peel of fruit at 5ºC and 15ºC 3 2 6
despite the repeated 1-MCP treatments. Table S11 ). However, ethylene treatment appeared to have a greater influence on their 3 3 2 downregulation than low temperature did. Since most of genes in this category showed a 3 3 3 similar expression pattern, we selected only one, light harvesting complex 2 (ClLHCB2) for and low temperature caused a reduction in the expression of ClLHCB2 (Fig. 5B) . Nevertheless, repeated 1-MCP treatments did not suppress the expression decrease induced at 3 3 7 5ºC and 15ºC, suggesting that the influence of low temperature on ClLHCB2 expression was 3 3 8 independent of ethylene. Another prominent category among the identified DEGs included genes that were associated expression. On the other hand, genes that were associated with JA and ABA were mostly varied expression patterns, although the general trend was towards a downregulation by both 3 4 8 ethylene treatment and low temperature. We also identified three GA-associated DEGs of 3 4 9
which one (ClGA20ox2), which is associated with GA biosynthesis, was downregulated by 3 5 0 both ethylene treatment and low temperature, especially at 5ºC. In contrast, ClGA2ox4 and 3 5 1
ClGA2ox8 that are associated with GA degradation were upregulated by ethylene treatment 3 5 2 as well as low temperature. To verify the roles of ethylene and low temperature in the 3 5 3 regulation of phytohormone-related genes, 9-cis-epoxycarotenoid dioxygenase (ClNCED5)
which is associated with ABA biosynthesis was chosen for further analysis by RT-qPCR. Results confirmed that ClNCED5 was up-regulated both after 4 d of ethylene exposure, and 3 5 6 28 d of storage at lower temperatures (5ºC, 10ºC, 15ºC and 20ºC) than 25ºC ( Fig. 6B ). There was also a significant increase in ClNCED5 expression in fruit that were repeatedly treated 3 5 8
with 1-MCP at 5ºC and 15ºC. The transcript levels of ClNCED5 were notably higher in low temperature-stored fruit than in ethylene-treated fruit. The above changes in expression of phytohormone-associated genes motivated us to 3 6 2 determine the phytohormone content in the flavedo of lemon fruit exposed to ethylene and MADS and TCP ( Fig. 7A , Table S11 ). This finding underscored the relevance of TF activity 3 7 4
in the peel degreening process of lemon fruit. Identified genes were therefore pooled into 3 7 5 three distinct groups, which included those that were influenced by (i) ethylene only such as exclusively upregulated by ethylene treatment as its expression was maintained at minimal 3 7 9 levels during storage ( Fig. 7B ). In contrast, ClERF3 was exclusively upregulated by low On-tree peel degreening behaviour and expression analysis of associated genes 3 8 7
The roles of ethylene and low temperature in natural peel degreening were further 3 8 8 investigated during on-tree maturation of lemon fruit. For this purpose, fruit were harvested 3 8 9
at seven progressive stages ranging from 176 to 276 DAFB that occurred between early-3 9 0
September and mid-December. As shown in Fig. 8A , peel colour progressively changed 3 9 1 from green on 3 rd September to full yellow on 13 th December, which was indicated by a agreement with a gradual decrease in the peel chlorophyll a and b contents ( Fig. 8B ). Equally, were earlier shown to be influenced by low temperature (Fig. 3C, 5B ). However, the degreening was also accompanied by the upregulation of all the three analysed carotenoid 4 1 0 metabolism genes ClPSY1, ClLCYb2a and ClCHYb1 (Fig. 8E ), which were earlier shown to 4 1 1 be upregulated by low temperature (Fig. 4C ). Among the TF-encoding genes, the ethylene- Many studies have shown that ethylene regulates peel degreening in citrus fruit (Purvis and 4 2 0 Barmore, 1981; Shemer et al., 2008; Yin et al., 2016) , prompting its wide use for commercial 4 2 1 degreening purposes (Porat, 2008; Mayuoni et al., 2011) . This is consistent with the present 4 2 2 study as ethylene treatment induced rapid peel degreening in detached lemon fruit ( Fig. 1A) . Results obtained in this study demonstrate very clearly that moderately low storage indicated that it most likely occurred in an ethylene-independent manner. Further evidence for this conclusion is the identification of distinct gene sets that are Ethylene-specific genes such as ClCLH1 and ClERF114 were not differentially expressed 4 5 4 during low temperature storage ( Fig. 3C, 7B ), which implies that ethylene signalling was 4 5 5 non-functional in stored fruit. Additionally, ethylene treatment did not show any significant 4 5 6 effect on the expression of another distinct gene set that were influenced by low temperature, 4 5 7
including ClCHYb1 and ClERF3 (Fig. 4C, 7C ). This is perhaps the most direct evidence for The degreening observed in lemon fruit exposed to ethylene is, in all likelihood, due to a 4 6 5 reduction in peel chlorophyll content ( Fig. 3A) , which could be attributed to the upregulation 4 6 6
of ClCLH1 and ClPPH (Fig. 3C ). Ethylene-induced peel chlorophyll degradation in citrus 4 6 7 fruit has also been linked to increased transcript levels of homologues of ClCLH1 (Jacob-
Wilk et al., 1999; Shemer et al., 2008; Yin et al., 2016), and ClPPH (Yin et al., 2016) .
During storage, however, the minimal expression levels of ClCLH1 excluding any possibility The peel carotenoid content decreased upon degreening in response to both ethylene and low 4 7 6 temperature ( Fig. 4A ). This decrease is not uncommon as previous studies have also 4 7 7 demonstrated that the peel content of carotenoids, especially lutein, in lemon fruit decreased 4 7 8
during maturation (Kato, 2012; Conesa et al., 2019) . Nevertheless, the yellowish appearance The degradation of chlorophylls caused by exposure to either ethylene or low temperature 4 8 9 could also be facilitated by changes in photosystem proteins. The disruption of pigment-
protein complexes is thought to be a crucial step in the chlorophyll degradation pathway accumulation of free chlorophylls that can easily be accessed by degradatory enzymes. Peng However, the results of the present study suggest that the decrease in the expression of to be accompanied by an increase in ABA content (Goldschmidt et al., 1973) , as well as in rate of peel degreening (Rodrigo et al., 2003) . In this study, ABA levels increased in 5 1 0 ethylene-treated and low temperature-stored fruit ( Fig. 6C ), accompanied by an increase in 5 1 1 the expression of ABA biosynthetic and signalling genes ( Fig. 6A, B ). These findings, 5 1 2 together with previous reports, suggest that ABA has a positive regulatory role in either 2013) and tomato (Liu et al., 2012) . This is consistent with the present findings as lemon fruit 5 2 3 degreening was accompanied by an increase in the levels of JA-Ile ( Fig. 6C) , which is the Developmentally regulated plant processes such as peel degreening are typically influenced 5 2 9
by TFs. Various TFs such as AtNAC046, AtPIF4, AtPIF5, AtORE1 and AtEIN3 were shown
to significantly enhance leaf senescence in Arabidopsis by promoting the activity of wide range of TF families suggested that ethylene-induced and low temperature-modulated 5 3 8
peel degreening pathways were distinct in lemon fruit (Fig. 7) . Therefore, ethylene-induced 5 3 9
degreening is most likely to be regulated by ethylene-specific TFs such as ClERF114 ( 7B) and shared TFs such as ClbHLH25 (Fig. 7D ). In contrast, low temperature-modulated 5 4 1 degreening could be regulated by specific TFs such as ClERF3 (Fig. 7C ), as well as shared 5 4 2 ones such as ClbHLH25 (Fig. 7D ). In this study, low temperature appears to also play a prominent role in natural peel minimum environmental temperatures, to below 13ºC ( Fig. 8A-C ). Similar to our study, Rodrigo et al., 2013; Conesa et al., 2019) . It is intriguing that ClCLH1 and ClERF114, which 5 5 1
were earlier shown to exhibit an ethylene-specific pattern (Fig. 3C, 7B ) did not show any 5 5 2 significant changes in expression during on-tree peel degreening (Fig. 8D, F) . Earlier studies have also demonstrated that ClCLH1 homologues in other citrus fruit exhibit a dramatic 5 5 4
induction in response to ethylene treatment, yet lack a measurable expression increase during 5 5 5
natural degreening (Jacob-Wilk et al., 1999; Yin et al., 2016) . Here, we suggest that this 5 5 6 discrepancy could be due to a lack of a functional ethylene signalling during on-tree 5 5 7 maturation, given that ClCLH1 is only upregulated in the presence of ethylene (Fig. 3C) . In contrast, genes that responded to low temperature during storage such as ClPPH, ClLHCB2,
ClPSY1, ClLCYb2a, ClCHYb1, ClERF3, ClbHLH25 also exhibited similar expression 5 6 0 patterns during on-tree maturation ( Fig. 7D-F) , indicating that they were involved in the on- It is also important to note that many genes were differentially expressed in fruit at 5ºC, yet 5 6 7 the peel degreening rate was significantly slower than in fruit at 10ºC, 15ºC and 20ºC. This is 5 6 8 probably due to low activity of peel degreening-associated enzymes at 5ºC, as low 5 6 9
temperature is known to decrease enzyme activity in plants (Jin et al., 2009; Yun et al., 2012) .
The regulation of fruit ripening by low temperature is not unique to citrus fruit. Previous ripening is to make fruit attractive to seed-dispersing organisms. To ensure their future before the onset of harsh winter conditions. Therefore, environmental temperature drops 5 8 0 associated with autumn might provide an alternative stimulus for fruit ripening induction in 5 8 1 fruits that lack a functional ethylene signalling pathway during maturation, like citrus. which typical occurs as minimum environmental temperature drops, corresponds with the 5 9 1 differential regulation of low temperature-regulated genes whereas genes that uniquely 5 9 2 respond to ethylene do not exhibit any significant expression changes. These data suggest 5 9 3 that low temperature plays a prominent role in promoting natural peel degreening both on and 5 9 4 off the tree. In our further studies, we aim to identify the direct and indirect targets of low 5 9 5
temperature-regulated transcripts that have been uncovered in this study towards elaboration of the molecular bases for low temperature modulation of peel degreening and fruit ripening 5 9 7 in general. Heatmap of identified DEGs associated with carotenoid metabolism in fruit exposed to 2 9 ethylene and low temperature. Colour panels indicate the log 2 value of fold change for ET (ethylene vs. control), 5ºC vs. 25ºC and 15ºC vs. 25ºC. (C) RT-qPCR analysis of phytoene synthase 1 (ClPSY1), lycopene cyclase 2a (ClLCYb2a) and β -carotene hydroxylase 1 (ClCHYb1) selected from (B) in fruit exposed to ethylene and different storage temperatures.
Figure legends
Data are means (±SE) of three biological replicates (three fruit). Different letters indicate significant differences in ANOVA (Tukey test, p < 0.05). Heatmap showing identified DEGs associated with chlorophyll metabolism in fruit exposed to ethylene and low temperature. Colour panels indicate the log 2 value of fold change for ET (ethylene vs. control), 5ºC vs. 25ºC and 15ºC vs. 25ºC. (C) RT-qPCR analysis of chlorophyllase 1 (ClCLH1) and pheophytinase (ClPPH) indicated by black arrows in (B) in fruit exposed to ethylene and different storage temperatures. Data are means (±SE) of three biological replicates (three fruit). Different letters indicate significant differences in ANOVA (Tukey test, p < 0.05). (C) RT-qPCR analysis of phytoene synthase 1 (ClPSY1), lycopene cyclase 2a (ClLCYb2a) and β-carotene hydroxylase 1 (ClCHYb1) selected from (B) in fruit exposed to ethylene and different storage temperatures. Data are means (±SE) of three biological replicates (three fruit). Different letters indicate significant differences in ANOVA (Tukey test, p < 0.05). 
